Abstract -The base region optimization of SiGe power HBTs for high frequency power amplification is investigated. Employing a heavily doped base in conjunction with a high Ge content can effectively improve the large-signal power gain values of SiGe HBTs while maintaining their high breakdown voltages and thus allow them to be efficiently operated with high power at higher frequencies. With such a base region optimization, not only lateral scaling requirement can be relaxed, but also common-base configuration for power amplification using these devices can be favored, which further enhances power gain values of SiGe power HBTs at high frequencies. Load-pull experimental results are presented to show the highest figure of merit power performance of SiGe power HBTs with an optimized base region. Power performance at X-band with different base region designs was also compared to illustrate the significant benefits that are resulted from base optimization.
I. INTRODUCTION
After two decades development, SiGe HBTs have achieved superior RF performance vertical and lateral scaling [1] . Recently, SiGe HBTs have demonstrated strong competence for low frequency (0.8-2.4GHz) power amplifications [2, 3] . However, for higher frequencies when high RF power level (>0.5W) is required, these devices become incapable and further optimization methods have to be taken to improve their power performance. In this paper, an alternative approach of base optimization other than further lateral downscaling, without sacrificing their high breakdown voltage, is investigated.
II. CONSIDERATIONS OF BASE REGION PROFILE DESIGN
Although f max has been used as a FoM of power amplification capability, it is not a good indicator when devices are operated in the maximum stable gain (MSG) range, in which sufficient power gain can be obtained. A recent study has shown that MSG's for common-emitter (CE) and common-base (CB) configuration are [4] The maximum available gain (MAG) is
, where the stability factor K's for CE and CB are [4] 
The above expressions indicate that without changing emitter and collector parameters, MAG CE , MSG CB and MAG CB can be readily improved by reducing only base resistance. A lower base resistance can be achieved by increasing the intrinsic base doping concentration while maintaining a low-resistance extrinsic base region. Thus, substantial lateral downscaling can be avoided and the breakdown voltage can still be maintained. Adequate current gain of SiGe HBTs in presence of a heavy base doping concentration can be largely maintained by employing a larger Ge content in the base region [5] . Another advantage of employing a heavily doped base region is that less current crowding effect can be resulted. Wider emitter finger stripes can be thus used due to reduced intrinsic base sheet resistance. Hence, high power density and a more economic use of chip real estate can be realized.
III. DESIGN AND FABRICATION
To demonstrate the effectiveness of base region optimization, power SiGe HBTs with optimized base regions are fabricated. In comparison to the previous SiGe HBTs [6] , only the base region is redesigned and other parameters of the optimized device have been kept identical with the previous ones. Since the collector layer is kept the same (500nm thickness and 3-4x10 16 cm -3 doping concentration), the high breakdown voltage characteristics of HBTs made from this heterostructure are expected to be maintained. For the optimized device, the base doping concentration has been increased by over three times from previous 2.4x10 19 cm -3 [6] to current 7.8x10 19 cm -3 . For the objective of maintaining an adequate current gain value, the Ge content is increased from previous 21% to 25% in this structure. In addition, Ge width was reduced from previous 32 nm to current 22 nm. A box-type Ge profile is again used in these devices. The measured base sheet resistance for the base-optimized SiGe HBT heterostructure and previous one are 1160 Ω/□ and 2960 Ω/□, respectively. For the lateral layout design, all dimensions are kept identical to the previous one [6] . The distributed subcell structure is used with 2 fingers in one subcell and 2 µm for each emitter finger. The total emitter area of 10-emitter finger and 20-emitter finger SiGe HBT is 600µm 2 and 1200µm 2 , respectively. The heterostructure was then fabricated into mesa-type multifinger devices using a double-mesa process [7] .
IV. DC AND SMALL-SIGNAL CHARACTERISTICS
The DC characteristics of the base-optimized SiGe HBTs were measured and compared with the previous devices of identical size. The measured DC current gain as a function of collector current of the base-optimized devices is shown in Fig. 1 alongside the current gain measured from previous SiGe HBTs for comparison. It is seen that lower current gain values were measured from the baseoptimized devices, which is ascribed to the higher base doping level. However, although more than three times of base doping concentration is employed in these devices, the degradation of current gain values is much less than three times (from 29. that the higher Ge content (25% for these devices) and narrower Ge width used in the base region have helped restore part of the current gain degradation. The measured breakdown voltage value, BV CBO , of the base-optimized SiGe HBT is about 24 V, which is very close to that of the previous one. However, the measured BV CEO value from the base-optimized devices is 9.5V, which is slightly higher than the previous value (8.1V), due to lower β of the optimized devices. Figure 2 shows the small-signal characteristics measured from the base-optimized SiGe HBTs and previous non-optimized ones. Both devices were biased at the same optimum bias with V BE =1.13V and I C =66mA. In Fig. 2(a) , both AC current gain and power gain versus frequency under CE configuration are plotted. A lower current gain and lower f T was measured from the baseoptimized SiGe HBT than the previous one. Nevertheless, improved MAG values were measured from the baseoptimized device, indicating the improvement of base resistance. Figure 2(b) compares the power gain characteristics of the two SiGe HBTs under CB configuration. It is observed that due to the base resistance improvement, MSG is significantly improved. Specifically, the small signal power gain value (G max ) at 8. 4 GHz was increased from 15.8 dB to 18.8 dB and more power gain improvement is obtained in a frequency range lower than 8.4 GHz. Slight improvement of MAG is also observed. In Fig. 2(c) , the small-characteristics between CE and CB configurations are compared for both baseoptimized and previous SiGe HBTs. It is evident that CB configuration provides higher MSG and MAG values than that of CE configuration for both base-optimized device and previous one in the characterized frequency range. It is clear that base region optimization is effective in improving MSG CB and MAG CB. Since most power devices are operated in the MSG frequency range, the powers gain benefits of base region optimization and, particularly, employing CB configuration, are thus very significant.
V. LARGE-SIGNAL PERFORMANCE CHARACTERISTICS
Load-pull measurements were performed on the optimized SiGe HBTs at 8.4 GHz and are compared with that from the previous ones. The devices are biased in the class AB mode using comparable bias with the previous ones. The matching conditions are optimized for maximum P out , same as previous ones. Figure 3(a) shows the comparison of power performance characteristics between these two HBTs (both have 10 emitter fingers, total A E =600 µm 2 ) under CB configuration. In order to quantify the improvement of power performance, the power amplifier FoM is borrowed from ITRS to convert the power performance parameters into one comparable value:
Using this FoM, the power performance comparison results are plotted in Fig. 3(b) . It is found that 2.5 times improvement in FoM has been achieved from the baseoptimized device. The power performance results of previous SiGe HBT under CE configuration were not available due to the fact that the power gain at 8. 4 GHz is too low. In other words, the power amplification frequency has been extended by using CB configuration and further extended via base optimization (Fig. 2(c) ). 4 GHz, large-signal power performance was not able to be measured, indicating its incapability of power amplification at 8.4 GHz no matter under CE or CB configuration.
By comparing the measured power performance results between CE and CB configurations for the 10-emitter finger (Fig 5(a) ) and the 20-emitter finger SiGe HBTs (Fig. 5(b) ) (both devices are base-optimized), one can see that much higher power performance was achieved from using CB configuration than CE configuration. At P in = 18.4 dBm, an FoM value equal to 7x10 4 mW•GHz 2 has been achieved from 20 emitter finger SiGe HBTs. To our knowledge, this is the highest power performance FoM that is ever achieved from any single SiGe HBTs operated at any frequencies. 
VI. CONCLUSION
With proper base region optimizations (a high base doping level and a high Ge content of proper shapes) to realize a low base resistance for SiGe power HBTs, microwave power amplification at high frequencies using these devices has been demonstrated to be feasible. The base region optimizations can effectively improve the power gain values of SiGe HBTs in a wide frequency range while maintain high breakdown voltages characteristics of these devices. The base optimization strategy can also enable common-base configuration more favorable for power amplifications with enhanced power gain values. Resulting from such base optimization, the highest power performance with an FoM of 7x10 4 mW•GHz 2 was achieved from a single SiGe power HBT with emitter finger stripes of 2 µm wide.
